In some situations, it is necessary to strengthen or rehabilitate a structure in the short term, but before doing so, a critical analysis of the underlying causes is required to find the best technique to solve the problem. The structural strengthening is used to increase an element's ability to resist a stress when it no longer meets the original conditions or new necessities of use due to faults, deterioration, thermal variations, and lack of maintenance. The present article aims to evaluate the strengthening of reinforced concrete beams with 0.75 mm thick SAE 1020 steel plates bonded with epoxy-based structural adhesive. The steel plates were attached to the sheared area before and after the beams were taken to the breaking point load. According to the results, it was possible to conclude the effectiveness of the strengthening applied to healthy beams that had its bearing capacity increased up to 50%. The beam that was strengthened after the shear, with a fissure that was restored with epoxy-based structural adhesive, had its load bearing capacity increased by 49.2%. The beams with fissures that were filled with mortar had their bearing capacity decreased by 58.70% if compared with the reference beams, and thus they presented an unsatisfactory performance.
Introduction
Since ancient times, mankind has been worried about ways to adapt its buildings to meet its needs. The development of new technologies is responsible for major transformations in the construction industry, but failures in some structures may lead to unsatisfactory results. According to some studies, De Souza et al. and Deghenhard [1, 2] , this set of factors is called structural deterioration and can present different causes: From "natural" aging of the structure to accidents and even irresponsibility of some professionals who choose to use materials that do not follow specifications, alleging, most of the time, budget reasons.
A relatively new branch has emerged in the field of civil engineering. This branch is the study of pathological manifestations in buildings, and, as the name suggests, it is responsible for investigating the origins, causes, manifestations, and consequences of problems that may arise in buildings [1] . In several situations, it is necessary to strengthen or rehabilitate structures in the short term, but it is necessary to analyze the causes of the damage to define the best techniques to recover the system. According to some studies Metha et al. and Pimenta [3, 4] , the structural strengthening is used to increase the structural element's ability to resist a stress when it no longer meets the original conditions the intervention.
In addition to the advantages such as rapid execution, which, through a qualified professional, becomes the most cost-effective reinforcement of the market, there is also an insignificant increase in the section of reinforced concrete that may be coated by mortar after curing and thus rendering it imperceptible; the reinforcement allows a significant improvement of the resistant capacity (up to 50%); and intervention can occur without interruption of the use of the structure and through non-demolition of the structural elements [10] .
Meier et al. and Täljsten [11, 12] indicate that although steel is the most widely reported reinforcing material, it also has some significant drawbacks. Among them are the systems with high weight, making the manipulation and placement difficult; the corrosivity of the steel on the surface of the joint between the steel and the adhesive; and the need to create connecting joints between plates due to the limitations of the dimensions for their transport. In addition to the above disadvantages, Branco [10] reports on the sensitivity to atmospheric agents, which may cause glue deterioration with increasing temperatures and the possibility of displacement of the plate end if the execution had weaknesses.
Beams and slabs may have reinforcements to solve problems caused both by stresses due to the bending moment and stresses due to shear force. In the case of the action of the bending moment, the fault stems from the insufficiency of the tensile strength ratio causing fissures in the central region of the beam and can lead the piece to ruin, or from the insufficiency of the reinforcement in the compressed zone, the upper part of the beam. In the case of a deficiency in shear force, failures can occur due to a lack or misplacement of the transverse reinforcement [13] . Figure 1 presents the technique related to reinforcement with steel plates due to deficiencies in the shear force and indicates the two possibilities: The first with the steel plates and the epoxy resin and the second with the steel plates, epoxy resin, and the bushings expansive (Sousa [14] apud Higashi [5] ).
There are several techniques for structural strengthening, but this study was based on the research developed by Almeida [15] . Thus, the objective of this experimental procedure was to analyze the load capacity of healthy beams and beams after rupture. The analysis took into consideration the structural strengthening with 0.75 mm thick SAE 1020 steel plates bonded with epoxy-based structural adhesive in the shear areas of the beams to stabilize or increase the beam shear resistance.
epoxy-based structural adhesive in the shear areas of the beams to stabilize or increase the beam shear resistance. Strengthening with steel plates due to shear force with and without bushes, respectively. 1 = steel plate; 2 = resin; 3 = bushing; ts = plate thickness; tg = epoxy resin thickness; hs = plate height; Sousa [14] apud Higashi [5] .
Materials and Methods
The experimental design of this work was divided into two phases. The first phase corresponded to a pilot of the four-point bending test with two beams. One beam contained three stirrups and a spacing of 90 cm, and the other beam contained six stirrups spaced 30 cm apart.
The second phase followed the manufacture of five standard beams containing six stirrups in each one spaced 30 cm apart. Two of these beams were used as reference and stressed to the breaking point, and maximum load, vertical displacements, and fissures were obtained. These two beams plus the pilot (ruptured in the previous phase of the work), called VR, had their fissures filled, two with mortar paste, called VRP-A, and the other with epoxy resin, called VRP-E. After that, they were strengthened with steel plates. The three remaining beams, called VRF, were strengthened in the shear area with 0.75 mm thick SAE 1020 steel plates bonded with epoxy resin.
The beams were made with cross-sections of 12 × 20 cm and a length of 190 cm containing 6 stirrups of 5 mm in diameter and a spacing of 30 cm. Theses beams did not meet the criteria in specification NBR 6118 [16] because the intention was to generate shear rupture. For the reinforcements, we used CA-50 steel and followed the criteria of NBR 6118 [16] . Thus, two steel bars of 10 mm diameter were used for flexural reinforcement totaling an area of 1.6 cm 2 of steel. Figure 2 shows the details of the reinforcements in the beams. Figure 3 shows the five beams C25 (the class which represents the characteristic compressive strength of 25 MPa at 28 days) concreted. The concrete was made at Concretar Concreto Usinado, Araranguá-SC, Brazil and the concrete was densified with the aid of immersion vibrators. Strengthening with steel plates due to shear force with and without bushes, respectively. 1 = steel plate; 2 = resin; 3 = bushing; ts = plate thickness; tg = epoxy resin thickness; hs = plate height; Sousa [14] apud Higashi [5] .
The beams were made with cross-sections of 12 × 20 cm and a length of 190 cm containing 6 stirrups of 5 mm in diameter and a spacing of 30 cm. Theses beams did not meet the criteria in specification NBR 6118 [16] because the intention was to generate shear rupture. For the reinforcements, we used CA-50 steel and followed the criteria of NBR 6118 [16] . Thus, two steel bars of 10 mm diameter were used for flexural reinforcement totaling an area of 1.6 cm 2 of steel. Figure 2 shows the details of the reinforcements in the beams. Figure 3 shows the five beams C25 (the class which represents the characteristic compressive strength of 25 MPa at 28 days) concreted. The concrete was made at Concretar Concreto Usinado, Araranguá-SC, Brazil and the concrete was densified with the aid of immersion vibrators. The slump test was performed in the fresh-state following the recommendations of NBR 6118 [16] , which established values of 10 ± 2 cm. The result for the concrete was 11 cm.
On the same day, fourteen cylindrical specimens (Ø 10 × 20 cm) were molded according to the specifications of NBR 5738 and NBR 5739 [17, 18] to obtain the axial compressive strength of the concrete after 7, 14, 28, and 35 days. Diametrical compression and modulus of elasticity tests were performed at 28 days according to NBR 7722 and NBR 8522 [19, 20] .
After 28 days following the curing, the beams were unmolded and taken to an experimental structures laboratory (Laboratório Experimental de Estruturas (LEE) of Universidade do Extremo Sul Catarinense (UNESC)) for testing.
We used twenty 750 μm thick SAE 1020 steel plates, with dimensions of 5 × 20 cm (width × length) and a spacing of 5 cm between them. The plates were applied in the shear area on both faces of the beam. Figure 4 shows the application of the steel plates following the diagrams of the shear and bending moment of the beam. For the bonding of the steel plates, an EP (epoxy) structural adhesive was used. It was a bautech ® epoxy-based bi-component that was pre-dosed and presented the following characteristics: high adhesion, mechanical, and chemical resistance, impermeability to water and oil, total cure in 7 days, and initial hardness in 12 h. The application of the structural adhesive followed the manufacturer's recommendations which specifies that the surface must be free from dust, release agents, or any substance that may impair the adhesion. In order to improve the adhesion before bonding, grooves The slump test was performed in the fresh-state following the recommendations of NBR 6118 [16] , which established values of 10 ± 2 cm. The result for the concrete was 11 cm.
We used twenty 750 µm thick SAE 1020 steel plates, with dimensions of 5 × 20 cm (width × length) and a spacing of 5 cm between them. The plates were applied in the shear area on both faces of the beam. Figure 4 shows the application of the steel plates following the diagrams of the shear and bending moment of the beam. The slump test was performed in the fresh-state following the recommendations of NBR 6118 [16] , which established values of 10 ± 2 cm. The result for the concrete was 11 cm.
We used twenty 750 μm thick SAE 1020 steel plates, with dimensions of 5 × 20 cm (width × length) and a spacing of 5 cm between them. The plates were applied in the shear area on both faces of the beam. Figure 4 shows the application of the steel plates following the diagrams of the shear and bending moment of the beam. For the bonding of the steel plates, an EP (epoxy) structural adhesive was used. It was a bautech ® epoxy-based bi-component that was pre-dosed and presented the following characteristics: high adhesion, mechanical, and chemical resistance, impermeability to water and oil, total cure in 7 days, and initial hardness in 12 h. The application of the structural adhesive followed the manufacturer's recommendations which specifies that the surface must be free from dust, release agents, or any substance that may impair the adhesion. In order to improve the adhesion before bonding, grooves For the bonding of the steel plates, an EP (epoxy) structural adhesive was used. It was a bautech ® epoxy-based bi-component that was pre-dosed and presented the following characteristics: high adhesion, mechanical, and chemical resistance, impermeability to water and oil, total cure in 7 days, and initial hardness in 12 h. The application of the structural adhesive followed the manufacturer's recommendations which specifies that the surface must be free from dust, release agents, or any substance that may impair the adhesion. In order to improve the adhesion before bonding, grooves were made in the steel plates and in the concrete beams with the aid of an N50 sandpaper. The epoxy-based structural adhesive was applied with a maximum thickness of 2.0 mm and with the aid of spatulas. Figure 5 shows the application of the structural adhesive on the steel plates, the bonding process, and the concrete beam after the bonding. were made in the steel plates and in the concrete beams with the aid of an N50 sandpaper. The epoxybased structural adhesive was applied with a maximum thickness of 2.0 mm and with the aid of spatulas. Figure 5 shows the application of the structural adhesive on the steel plates, the bonding process, and the concrete beam after the bonding. The beams were moved 35 days after concreting and met the minimum requirement of 24 h without moving them after the bonding of steel plates and 7 days before releasing of the load. For the four-point bending test, we used a steel reaction frame with a hydraulic cylinder and a load cell with a maximum reading capacity of 500 kN attached to its base. To measure the beam deflection, a displacement transducer (Linear Variable Differential Transformer-LVDT) with a maximum reading of 100 mm was located in the center of the beam. These devices were connected to the Quantum X ® data acquisition system that used Catman Easy ® software, both from HBM ® . Table 1 presents the results of resistance during the ages of curing executed by molding of specimens. The beams were moved 35 days after concreting and met the minimum requirement of 24 h without moving them after the bonding of steel plates and 7 days before releasing of the load. For the four-point bending test, we used a steel reaction frame with a hydraulic cylinder and a load cell with a maximum reading capacity of 500 kN attached to its base. To measure the beam deflection, a displacement transducer (Linear Variable Differential Transformer-LVDT) with a maximum reading of 100 mm was located in the center of the beam. These devices were connected to the Quantum X ® data acquisition system that used Catman Easy ® software, both from HBM ® . Table 1 presents the results of resistance during the ages of curing executed by molding of specimens. Table 2 presents the nomenclature used to represent the variables in the study. By applying the load until the beams reached their breaking point, we have obtained the maximum displacement according to the regulation, which specifies that this value should be obtained from dividing its length by 250 (L/250). The reference beams (VR) had their rupture mode by shear at the breaking point with a maximum load average of 45.20 kN. The strengthened healthy beams, with steel plates, had their rupture mode by bending, showing that the strengthening behaved as expected.
Results

Three beams with fissure filling after rupture, one beam with epoxy adhesive (VRP-E), and two with mortar (VRP-A), when subjected to the four-point flexural test again, presented very different shear ruptures. In VRP1-E, a new fissure was opened, and the beam supported a 67.44 kN load. However, VRP2-A and VRP3-A presented rupture in the same fissure that was opened in the first test and supported an average of 28.58 kN. Figure 6 presents the load versus displacement curves during the bending test.
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Each beam group showed different behaviors. The reference beams (VR1, VR2, and VR3) obtained rupture values on the shear area, while the strengthened healthy beams, i.e., those reinforced with steel plates (VRF1, VRF2, and VRF3), obtained rupture values in the bending area, and the beams that were strengthened after the rupture obtained rupture values on the shear area. Figure 7 presents the reference beams after the test. Each beam group showed different behaviors. The reference beams (VR1, VR2, and VR3) obtained rupture values on the shear area, while the strengthened healthy beams, i.e., those reinforced with steel plates (VRF1, VRF2, and VRF3), obtained rupture values in the bending area, and the beams that were strengthened after the rupture obtained rupture values on the shear area. Figure 7 presents the reference beams after the test. 
Conclusions
The beams considered as reference (VR) had their mode of shear rupture. It was observed that the strengthened healthy beams obtained satisfactory results and had their load bearing capacity increased by 50% compared to the reference beams, which was in accordance to expectations and to Branco [10] .
The strengthened beam that had its fissure filled with structural adhesive (VRP-E) presented an increase of 49.20% in its load bearing capacity in relation to the reference beams. However, the beams that had their fissures filled with mortar (VRP-A), presented a decrease of 58.70% in their bearing capacity in relation to the reference beams and thus presenting an unsatisfactory performance.
The epoxy-based structural adhesive was not difficult to apply, since we have followed the manufacturer's specifications for bonding 0.75 mm thick SAE 1020 steel plates. This strengthening contributed to an increase in the resistance of the beams subjected to the four-point bending test. 
The epoxy-based structural adhesive was not difficult to apply, since we have followed the manufacturer's specifications for bonding 0.75 mm thick SAE 1020 steel plates. This strengthening contributed to an increase in the resistance of the beams subjected to the four-point bending test. Finally, if one applies steel plates to healthy or broken beams and fills their fissures with epoxy structural adhesive, the strengthening offers great efficiency and increases their bearing capacity.
For future work, we suggest a reduction in the spacing between the stirrups to verify the rupture in the shear area. We also suggest the reduction of the quantity of 0.75 mm thick SAE 1020 steel plates in the shear area to verify their performance. 
